Introduction
Infantile hemangioma (IH) is the most common benign vascular tumor in infancy, with an estimated prevalence ranging from 1% to 10% on account of sample size and racial difference. 1, 2 It often develops intractable complications, including disfigurement, function destruction, and even life-threatening symptoms. 3 Unlike other vascular tumors, IH has a distinctive life cycle that progresses from a phase of rapid proliferation followed by spontaneous involution. During the proliferative phase, IH is composed of disorganized blood vessels and full of multitudinous immature endothelial cells (ECs) 4 and hemangioma stem cells (HemSCs). 5 In contrast, the involuting phase of IH is characterized by vascular tissue replacement by fat and connective tissue. 4 Undoubtedly, exploring the underlying mechanisms of this unique course is of great value and can help improve the treatment of IH.
As a common environmental stress involved in numerous pathophysiological conditions, hypoxia has been proposed as a critical driving force for the pathogenesis of vascular proliferation. 6 Hypoxia is also closely related to vascular remodeling in various pathological situations. 7 Both previous studies and physical manifestations have indicated the presence of hypoxic condition and its promotive role in IH. 8, 9 However, the precise mechanism accounting for hypoxia-mediated IH progression has not been fully clarified. Therefore, it is essential to discover novel molecular events underlying this process, which may provide better insights into the biological course of IH.
Activating transcription factor 4 (ATF4), a member of ATF family of basic region-leucine zipper transcription factors, is induced by stress signals including anoxia/hypoxia, endoplasmic reticulum (ER) stress, and oxidative stress. 10 ATF4 is capable of regulating expression of a wide range of genes implicated in oxidative stress, amino acid synthesis, differentiation, metastasis, and angiogenesis. 10 ATF4 has been reported to be overexpressed in multiple cancers. 11 More importantly, ATF4 confers a survival advantage for tumor cells under hypoxia and regulates processes relevant to cancer progression. 12 However, the expression status and functional significance of ATF4 in IH is not clear and remains to be determined.
Previous studies, including those from our laboratory, have revealed that macrophages, particularly M2-polarized macrophages, play a vital role in IH progression. [13] [14] [15] M2-polarized macrophages can not only promote the proliferation and endothelial differentiation but also suppress the adipogenesis of HemSCs. 15 Macrophage colony-stimulating factor (M-CSF) is a wellknown key regulator for the differentiation, polarization, and survival of macrophages among a broad spectrum of pathologies. [16] [17] [18] However, whether hypoxia, a wellestablished driving force in IH progression, may affect or regulate macrophages in IH remains largely unknown. Besides, how the infiltration of M2-polarized macrophages in proliferating IH is modulated is still far from clear. In the present study, we hypothesized that hypoxiainduced ATF4 may promote progression of proliferating IH, which possibly involves M2-polarized macrophages. Thus, we sought to explore the potential role of ATF4 in IH, and attempted to unmask its pathophysiological link to M2-polarized macrophages and IH progression.
Materials and Methods

Clinical Samples
Twenty-seven IH samples without any treatment before surgery were obtained from the Hospital of Stomatology, Wuhan University. The detailed information of each sample was shown in Table 1 . The procedures were performed according to the National Institutes of Health guidelines regarding the use of human tissues. This study was approved by the review board of the Ethics Committee of Hospital of Stomatology, Wuhan University. The diagnosis and classification of each IH case was established according to clinical presentation and histopathological features, as we described previously. 15 
Immunohistochemistry
The immunohistochemical analysis was performed as we described previously. 19 In brief, the 4-µm tissue sections of paraformaldehyde-fixed and paraffin-embedded specimens were dewaxed in xylene, rehydrated in a graded series of ethanol, and antigen retrieved by high pressure. After incubation within 3% hydrogen peroxide and goat serum for 20 min at 37C sequentially, the sections were incubated overnight at 4C with primary antibodies hypoxia inducible factor (HIF)-1α (1:200; Abcam, Cambridge, UK), ATF4 (1:300; Proteintech, Wuhan, China), and M-CSF (1:200; Epitomics, Burlingame, CA). Then, the sections were incubated with horseradish peroxidase-conjugated secondary antibody, followed by detection of the antibody binding with the diaminobenzidine substrate kit (Dako, Carpinteria, CA). For analysis of immunohistochemical staining, five representative fields were randomly selected at a 200× magnification under a light microscope (Leica, Heidelberg, Germany) for each sample, and mean optical density was analyzed using Image-Pro Plus 6.0 (Media Cybernetics) by two independent researchers. All the antibodies used here have been validated according to the manufacturer-suggested positive control and negative control (antibody diluent), and those results were shown in Supplementary Fig. 1 .
Immunofluorescence
The immunofluorescence was conducted as similar to our previous report. 19 Briefly, the tissue sections were dewaxed in xylene and rehydrated in a graded series of ethanol. Antigen retrieval was performed using high pressure. 
Double-Labeling Immunohistochemistry
For the detection of M2-polarized macrophages in IH, we performed the double-labeling immunohistochemistry as we described previously. 14 After tissue section preparation following above procedures, the sections were incubated with anti-CD163 antibody (1:50, Proteintech) overnight at 4C, followed by a streptavidin alkaline phosphatase-labeled mouse EnVision Plus detection system (MXB, Fuzhou, China). Positive expression was visualized by using 5-bromo-4-chloro-3-indolyl phosphate and exhibited a dark purple cytoplasm staining. Sections were then incubated with anti-CD68 antibody (1:50, ZSGB-BIO, Beijing, China) at 37C for 1 hr, followed by incubation with secondary goat anti-mouse biotinylated antibody and hydrogen peroxidaselabeled detection system sequentially. The positive CD68 expression exhibited an overwhelming red staining of the cytoplasm. For quantitative analysis of the M2-polarized macrophages, five representative fields were randomly selected at a 200× magnification under a light microscope (Leica) for each sample, and the percentage of M2-polarized macrophage in total cells was calculated by two observers blindly. CD68 and CD163 have been validated according to the manufacturersuggested positive control and negative control (antibody diluent), respectively ( Supplementary Fig. 1 ).
Cell Culture
The isolation and culture of human IH stem cells (HemSCs) and human umbilical vein endothelial cells (HUVECs) were as described in our previous studies. 15, 20 When grown to 70% confluence, HUVECs and HemSCs were cultured in Anoxomat chambers (Mart Microbiology, Lichtenvoorde, The Netherlands) for physiological hypoxia (5% O 2 ) or normoxia (21% O 2 ). After 36 hr, the cells were collected for total RNA or protein extraction to analyze HIF-1α, ATF4, and M-CSF expression.
Real-Time PCR
Briefly, total RNA was extracted by using the E.Z.N.A. Total RNA Kit (Omega Bio-Tek, Norcross, GA) according to the manufacturer's protocol, and 1 µg of RNA was reverse transcribed to cDNA by using the First-Strand cDNA Synthesis kit (Thermo Scientific, Pittsburgh, PA). After that, obtained cDNA was amplified with FastStart Universal SYBR Green Master (Roche, Branchburg, NJ) on a QuantStudio 6 Flex Real-Time PCR System (Applied Biosystems, Foster City, CA) according to standard conditions. β-Actin was selected as internal control, and all the primer nucleotide sequences for real-time polymerase chain reaction (PCR) were shown in Table 2 .
Western Blot Analysis
The cell protein was extracted and measured the concentration of total protein by using bicinchoninic acid assay (Pierce, Rockford, IL). Western blot analysis was performed according to our previous studies. 19 Briefly, 20 µg of total protein extracted from each sample was separated on 10% SDS-polyacrylamide gels and electroblotted on polyvinylidene fluoride membranes (Roche Applied Science, Branchburg, NJ). After blocked with 5% skimmed milk, the membranes were incubated with primary antibodies (1:800, mouse anti-human ATF4
[Proteintech]; 1:1000, rabbit anti-human HIF-1α [Abcam]) overnight at 4C. Immunoblots were visualized by using a chemiluminescence kit (Pierce) and recorded by using the scanner (Canon, Tokyo, Japan).
Statistical Analysis
Student's t-test and Spearman rank correlation test were used for statistical analysis; p<0.05 was considered to be significantly different.
Results
Overexpression of ATF4 in Proliferating IH and Its Possible Association With Tissue Hypoxia
We first evaluated the hypoxic status in different IH phases by assessing the expression of HIF-1α. As shown in Fig. 1A , proliferating IH exhibited strong and intensive HIF-1α-positive staining, whereas its expression level was significantly downregulated in the involuting phase (p=0.0009), indicating the presence of hypoxia in proliferating IH. Next, we detected the expression of ATF4 and analyzed its association with hypoxia. We found that ATF4 expression was markedly increased in proliferating IH compared with the involuting phase (Fig. 1B) . Importantly, ATF4 expression showed close correlation with HIF-1α in IH specimens (p<0.0001), as evidenced by Spearman's rank correlation test ( Fig. 2A) . Furthermore, double-labeling immunofluorescence analyses revealed prominent colocalization of ATF4 with the HIF-1α signals in proliferating IH (Fig. 3) . In contrast, very weak co-expression of ATF4 and HIF-1α was observed in the involuting phase. These results suggested activation of ATF4 in proliferating IH and its potential association with tissue hypoxia.
Elevated Expression of M-CSF in Proliferating IH and Its Close Correlation With ATF4
We then examined the expression of M-CSF in different IH phases. As shown in Fig. 1C , the proliferating IH specimens exhibited obviously higher expression of M-CSF compared with involuting IH specimens (p=0.0060). Moreover, the results from immunochemical analysis also revealed a close correlation between M-CSF and ATF4 (Fig. 2B ), suggesting that M-CSF secretion in IH is possibly associated with ATF4 expression. Most importantly, synchronous distribution and expression of ATF4 and M-CSF could be further observed in both proliferating and involuting phases of IH ( Fig. 3 ). All these findings indicated a possible link between elevated expression of M-CSF and overexpression of ATF4 in IH.
Induction of ATF4 and M-CSF by Hypoxia in HemSCs In Vitro
We next tried to explore which cells are producing ATF4 and M-CSF by performing immunofluorescence co-staining with CD133 (HemSC) and CD31 (EC) in IH tissues. As shown in Fig. 4 , both ATF4 and M-CSF were more obviously colocalized with CD133 than CD31. To confirm above findings, we further performed the in vitro experiments by using HemSCs and HUVECs. As shown in Fig. 5 , hypoxia (5% O 2 ) obviously upregulated the expression of HIF-1α, ATF4, and M-CSF in HemSCs. By contrast, only the expression level of ATF4 and M-CSF was increased in HUVECs after hypoxia treatment, and the increasing trend was less significant than that in HemSCs. All the results indicated that HemSCs may be the most important candidate for the ATF4-induced M-CSF upregulation in hypoxia-related proliferating IH.
Close Correlation Among HIF-1α, ATF4, M-CSF, and M2-Polarized Macrophages Infiltration
Finally, we explored whether this regulatory network, which involves hypoxia-associated ATF4 activation and ATF4-associated M-CSF upregulation in HemSCs, has a role in M2-polarized macrophages infiltration of IH. The Spearman rank correlation test results revealed that the expression levels of HIF-1α, ATF4, and M-CSF were uniformly correlated with the M2-polarized macrophages (CD68 + /CD163 + ) in IH (p<0.0001; Fig. 6 ), implying a potential novel mechanistic link between HemSCs activation and M2-polarized macrophages infiltration in proliferating IH.
Discussion
Despite recent progress in unraveling the pathogenesis of IH, the pathophysiology associated with the unique natural history of this lesion has not been fully elucidated. Among various microenvironment factors which are tightly implicated in IH, hypoxia has attracted tremendous attention and has been considered to play a crucial role in IH progression. Several lines of evidence support that tissue hypoxia is not only a common event in IH but may contribute to explosive growth in proliferating IH. However, the exact alternations and the precise mechanisms of IH in response to hypoxia at the cellular and molecular level remain to be explored. Previous studies have revealed that HIF-1α is the central mediator of the cellular response to hypoxia. 21 However, recent reports highlight that ATF4, a stress responsive gene from ATF family, is also induced by oxygen deprivation (hypoxia/anoxia) and functions as a pivotal transcriptional regulator of the cellular hypoxic response to the unfolded protein response following ER stress. 10, 22 ATF4 is believed to be a protective gene mediating cellular adaptation to stress factors by activating genes that promote restoration of normal ER function and survival under hypoxia. 10 In the present study, we initially found that HIF-1α expression was markedly elevated in proliferating IH compared with the involuting phase as similar to previous reports, 20, 23 suggesting hypoxic status in proliferating IH. Meanwhile, we observed significant upregulation of ATF4 in proliferating IH in comparison with the involuting phase. Moreover, the Spearman rank correlation showed that ATF4 was positively correlated with HIF-1α expression in IH specimens. The close correlation between ATF4 and HIF-1α was further corroborated by double-labeling immunofluorescence that revealed a synchronous distribution for ATF4 with HIF-1α in proliferating IH. Thus, it is plausible that ATF4 expression is likely linked to hypoxic status of IH, and ATF4 may be implicated in hypoxia-induced cellular response in proliferating IH.
Macrophages, an active component in immune response, have been well characterized as a key player in tumor progression. 24 Our recent studies have unveiled that macrophages contribute to IH progression via promoting the angiogenic process. 14, 15 Notably, a recent study provides evidence that hypoxia could upregulate ATF4 expression in macrophages. 25 On the other hand, there is evidence showing that ATF4 in breast cancer cells is capable of promoting macrophage recruitment via secretion of M-CSF, thereby facilitating tumor angiogenesis. 26 In addition, M-CSF, a secreted cytokine derived from various cells, is known to be a crucial regulator for the differentiation, recruitment, and polarization of macrophages. 17, 18 Therefore, we were intrigued to speculate that hypoxia-induced ATF4 may promote progression of proliferating IH through recruitment of macrophages into tumor tissues via induction of M-CSF. To test this hypothesis, we first evaluated the expression of M-CSF and its association with ATF4 at different stages of IHs. Consistent with prior report, the expression of M-CSF was dramatically upregulated in proliferative IH than in involuting IH and meanwhile closely correlated with infiltration of M2-polarized macrophages in IH. Importantly, we found that M-CSF expression was tightly correlated with ATF4, evidenced by both Spearman rank test and immunofluorescence coexpression in proliferative IH.
HemSCs own robust proliferative and clonogenic capacity and is thought to be the origin of multiple hemangioma-related cell lineages. 5 In this article, we demonstrated the observably colocalization of ATF4 or M-CSF with CD133 and the induction of ATF4 and M-CSF by hypoxia in HemSCs in vitro. Considering the characteristic capacity for both self-renewal and pluripotency of stem cells, it is no wonder to speculate that HemSCs may be more sensitive to environmental stimulus and more active on interacting with surrounding cells. Lots of evidence has demonstrated the effects of hypoxia on stem cells 27, 28 ; here, we indicated the hypothesis that HemSCs may promote the explosive growth in proliferating IH through the elevated M-CSF secretion which was induced by hypoxia-upregulated ATF4 activation. Moreover, our hypothesis was also supported by close correlation between the expression of ATF4 as well as HIF-1α and the amount of M2-polarized macrophages in IH specimens, implying a positive regulation mechanism involving hypoxiastimulated ATF4 activation and subsequent M-CSFbased M2-polarized macrophages recruitment for driving explosive growth in proliferating IH.
In summary, the present study revealed the elevated expression of ATF4 in proliferating IH, and its possible association with tissue hypoxia and M2-polarized macrophages infiltration. In addition, our study indicated the outstanding role of HemSCs in the above regulatory network and may shed new light on the mechanisms underlying hypoxia-elicited IH progression. Even though the precious mechanisms in this regulation remain to be clarified, the ATF4-centered regulation network may possess great value for elucidation of the pathogenesis in IH. this article: This work was supported by the grants from National Natural Science Foundation of China to J-HZ (81671008), Y-FZ (81570994), and J-GR (81600385).
